In this article, we combine a thermodynamic model for bacterial yield prediction with an individual-based model designed to describe the bacterial cell population dynamics. Our individual-based model use a culture medium containing succinate as a carbon source, ammonium as nitrogen source and various electron acceptors such as oxygen, nitrate, nitrite, nitric oxide and nitrous oxide to investigate in continuous or batch culture the different substrate-dependent cell growth kinetics and the environmental factors that control nitrous oxide production and consumption by the bacterium Paracoccus denitrificans. The individual behavior-rules that this microbe carries out for its nutrient uptake, cellular maintenance and reproduction cycle is according to the individual-based model INDISIM. Six metabolic pathways described for Paracoccus denitrificans were selected and translated into balanced chemical equations using the Thermodynamic Electron Equivalents Model (TEEM2). These equations are the basis of the individual behavior-rules that this microbe carries out for its biomass synthesis and denitrification products production. The simulation results achieved with the implementation of our model in NetLogo showed that it is possible investigate the microbial denitrification dynamics into a bioreactor because some of the outputs regarding the temporal evolutions of the nutrients and denitrification products are consistent with previous published experimental data.
Introduction
The global warming potential (GWP) of most significant greenhouse gases nitrous oxide (N 2 O) and methane (CH 4 ) are 296 and 23 times greater, respectively, than a unit of carbon dioxide (CO 2 ). Among these three gases, N 2 O may be the most important for fertilizer use because of its large CO 2 equivalent influence on GWP (Snyder et al., 2009; Woolfenden et al., 2013) . Agriculture plays a substantial role for the majority of N 2 O emissions especially when available soil N (in nitrate form) exceeds crop uptake, the risk of increased N 2 O emissions rises. In conditions of low oxygen (O 2 ) availability, such as waterlogged soils, certain bacteria are able to use nitrate (NO 3 -) as a final electron acceptor (EA) and carry out respiratory metabolism in anaerobic conditions. These bacteria are known as denitrifying bacteria and are widespread in agricultural soils (Felgate et al., 2012; Richardson et al., 2009; Woolfenden et al., 2013) .
Paracoccus denitrificans (PD) was first isolated in 1908 by Beijerink as a Micrococcus
denitrificans, is a member of the α-proteobacteria and one of the best-characterized prokaryotes, is a gram-negative bacterium mainly found in soil and sewage sludge, is one of the preferred species for studies of the biochemistry and regulatory biology of denitrification because is capable of anaerobic growth in the presence of NO 3 -, nitrite (NO 2 -), nitric oxide (NO) or N 2 O as EAs also can survive in ecosystems with fluctuating aerobic and anaerobic conditions, when molecular O 2 is present and preferred like terminal EA (Baumann et al., 1996; Beijerinck MW, 1910; Bergaust et al., 2010; Bergaust et al., 2012; van Verseveld et al., 1983) . Four terminal enzymes are necessary to achieve this stepwise reduction and the genes encoding the denitrification enzymes have been identified in PD. Consequently,
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understanding the environmental factors that control N 2 O production and consumption by microbes is a challenge to the development practical mitigation strategies for N 2 O emissions (Baker et al., 1998; Baumann et al., 1996; Felgate et al., 2012) .
Some denitrification models were review by (Heinen, 2006) . These models integrate a large number of parameters including NO 3 -and water (H 2 O) content in soil and soil temperature and pH, in all cases the functions used are empirical and have been adjusted for own studies.
In recent years (Kampschreur et al., 2012) and (Woolfenden et al., 2013) publish specific denitrification modeling to study the denitrification pathway carry out by microbes, a tool to study inhibiting and activating compounds and effect of copper availability, respectively, both of these models are differential equations based and the model parameters considered according Monod and Michaelis-Menten kinetics.
In other way is possible simulate the interactions of autonomous agents (individual and collective entities) with its environment, using a type of computational model called AgentBased Models (ABMs) or more specifically using an Individual-based Models (IbMs) which defines special cases where the agent is assimilated to a living entity (Kreft et al., 2013) . This modeling approach considering the population dynamics in which not all individuals are equivalent and their growth curve emerges from the interaction of the individuals with their environment (Fredrickson et al., 1967) . In microorganism case with an extra source of complexity related to the fact that cellular properties are unevenly distributed among the cells of the population and the changes of extracellular environment constitute an important part in the cell population dynamics (Lee et al., 2009; Mantzaris, 2007 his surrounding environment and other individuals, these interactions cause change in the individual and environmental characteristics, which allows study the intra-population variability with emergence of population behavior in systems to which the continuum hypothesis is not applicable (Ginovart and Prats, 2012) . In past years (Giró et al., 1986) publish a simulation program to describe the spatial and time evolution of a population of living individuals under pre-assigned environmental conditions of energy. Further (Ferrer et al., 2008; Ginovart et al., 2002; Gras and Ginovart, 2006; Prats et al., 2010) Many different approaches to development a rigorous thermodynamic description for biomass yield prediction were reported by (Christensen and McCarty, 1975; Heijnen and Van Dijken, 1992; Liu et al., 2007; Maskow and von Stockar, 2005; McCarty, 1971; McCarty, 2007; Rittmann and McCarty, 2001; von Stockar and van der Wielen, 1997; Tijhuis et al., 1993; Xiao and VanBriesen, 2006) . Considering the estimated Gibbs energy dissipation for cell synthesis from C-sources and N-source, the energy available from substrate transformation with the biomass specific Gibbs energy consumption for cellular maintenance and the efficiency of energy transfer for the overall growth process into a formal reaction for catabolism and anabolism, the thermodynamic analysis can be used to predict the bacterial yield and bio-product synthesis. Felgate et al. (2012) .
Materials and Methods
The individual-based model INDISIM, a computational model to study bacterial cultures (Ginovart et al., 2005; Gras et al., 2011; Prats et al., 2008) individual, a single bacterial cell of simulated PD, follow individual rules of behavior described in the core model concerning with its motion, nutrient uptake, cellular maintenance and reproduction, the biomass synthesis follow six metabolic pathways described for PD by (Baker et al., 1998; Baumann et al., 1996; Beijerinck MW, 1910; Bergaust et al., 2010 Bergaust et al., ,2012 Richardson et al., 2009; Robertson, 1992; van Verseveld et al., 1983 van Verseveld et al., ,1984 (Wilensky, 1999) . The model description follows the ODD protocol, it stands for "Overview, Design concepts, and Details": the description starts with three elements that provide an overview of what the model is about and how it is designed, followed by an element of design concepts that depicts the ABMs essential characteristics, and it ends with three elements that provide the details necessary to make the description complete (Grimm, 1999; Grimm et al., 2010; Railsback and Grimm, 2011) .
Model Description
Purpose: Modeling a bioreactor to grow PD in a CM with succinate, as ED and C-source, unique identification number, location (XY coordinates of the grid cell where it is), biomass, nutrient uptake capacities and counters for each reproduction cycle and metabolic pathway.
To obtain the initial biomass, the model assumes that each bacterium has spherical shape with an internal diameter between 0,5 to 0,9 µm (Holt et al., 1994) , then the individual biomass is deduced from cell volume by assuming a density of 1,1 g·cm -3 (Gras et al., 2011 ) and the elementary cell composition C 3 H 5,4 N 0,75 O 1,45 (van Verseveld et al., 1979 (van Verseveld et al., ,1983 . Therefore the smallest microorganism has a biomass of ~1 pmol and the highest microorganism has a biomass of ~6 pmol. Individuals has different uptake coefficient to capture nutrients through the cell membrane-associated proteins (Button, 1998) . This uptake capacity is correlated with individual reproduction is accord to binary fission in bacteria and 6) dilution ratio and homogenous CM are the chemostat general procedures (Fig. 1) .
Emergence: Outputs of the model are the result of the adaptation of individuals to the CM. ).
Input data: Normal functioning external files are not necessary for the model to run simulated procedures.
Modeling or Theoretical Aspects
Sub models: The individual mathematical and theoretical sub-models considered are: shifted to aerobic succinate-limitation, with this value the maximum uptake for each nutrient is calculated according to the stoichiometric coefficients adjusted by TEEM2 for each metabolic pathway in each time step (Table I) .
Maximum nutrient availability: In IPa model, (Nmax) i is the maximum quantity of nutrient i
that is available for a microorganism per unit of time in the CM close of it. This parameter is directly related to the CM characteristics and not to the types of microorganisms involved, it is defined as:
In Eq. 2, S i represents the maximum amount of nutrient in the spatial unit where the individual cell is located and n i is a number between 0 and 1 that indicates the fraction of the total nutrient in CM is available for the individuals living in the spatial unit. (McCarty, 1971) consider e in the range of 0.2 to 0.8. (Christensen and McCarty, 1975; VanBriesen, 2002) suggested an e value of 0.2 to 0.3 for aerobic heterotrophs and (McCarty, 2007; VanBriesen, 2006,2008) which combined by TEEM2 with an specific e value for achieve an individual Yc/c that fit a maximum population growth yield according to the publish values, will originate the adjusted metabolic pathways for IPa model (Table II) .
Results and Discussion
The simulations with IPa model reproduce faithfully the (Felgate et al., 2012) experimental protocols. The simulations are divided into two main sections; first the model is tested from the NO 3 --sufficient, carbon-limited for high copper levels PD results of Felgate et al. (2012) , cultures were initially grown under batch conditions at 100% air saturation (236 µM) for 24h.
The aeration was then switched off and the system switched to continuous culture with a dilution rate of 0,05 h -1 . The reservoir medium feed contained 20 mM NO 3 -, 5 mM succinate and 10 mM NH 4 + . During the aerated batch phase in the virtual bioreactor biomass grown until a steady state was achieved ( Fig. 2A) , NO 3 -levels remained constant at ~20 mM ( Fig.   2B ) and no significant net accumulation of N 2 O was observed (Fig. 2C) . Following the switch to continuous culture, the dissolved O 2 decreased to NOX level. The NO 3 -levels in the virtual bioreactor decreased in response to the culture switching to anaerobic metabolism and its residual level in steady state was ~10 mM (Fig. 2B) , the biomass also decreased until a new steady state was achieved ( Fig. 2A ) and the N 2 O production immediately began to increase reaching ~ 0.5 to 0.6 µM in the steady state (Fig. 2C) . Second the model is tested from the NO 3 --limited, carbon-sufficient for high copper levels PD results (Felgate et al., 2012) , as the previous experiment after 24h of aerobic batch growth the air supply was switched off and the system switched to continuous culture with a dilution rate of 0,05 h -1 .
The reservoir medium feed contained 5 mM NO 3 -, 20 mM succinate and 10 mM NH 4 + .
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Through the aerated batch phase in the virtual bioreactor biomass grown exponentially to a value of ~ 0,9 mg·ml -1 (Fig. 3A) , NO 3 -levels decreased from ~ 5 mM (Fig. 3B ) and no significant net accumulation of N 2 O was observed (Fig. 3C) . Following the switch to continuous culture, the dissolved O 2 decreased to NOX level. The NO 3 -residual level in steady state was ~ 0,4 to 0,6 mM ( Fig. 3B) , the biomass also decreased until a new steady state was achieved (Fig. 3A ) and the N 2 O production immediately began to decrease reaching to ~ 0.001 mM in the steady state (Fig.   3C ). After calibration, it is possible to simulate the evolution of variables that were not experimentally measured, such as the simulated temporal evolution of succinate, NH 4 + , O 2 and CO 2 for both experiments ( Fig. 2D and Fig. 3D ).
The calibrated values of the microbiological parameters that produced the best fit of simulation results to experimental data for experimental protocols carbon-limited and NO 3 --limited for high copper levels PD results of Felgate et al. (2012) are listed in TEEM2 seems to be a useful tool for modeling one of the behavior rules that bacterium follows in IPa model. TEEM2 is one of the thermodynamic model based on bioenergetics growth efficiency, its accept implicitly that part of the nutrient is catabolized and that biomass is then synthesized from the products of catabolism and the other part of the nutrient is used for energy generation, according to von Stockar et al. (2008) it is an approximation of the true biosynthetic reactions because the thermodynamic prediction structure is the dependence on values for energetic efficiency, further, Xiao and VanBriesen (2008) hypothesized that bacterial energy capture efficiency is not a constant, but rather is controlled by environmental conditions, readers are referred to (Heijnen and van Dijken, 1993; McCarty, 2007; von Stockar et al., 2008) for further details.
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